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Abstract
This paper critically compares, for the first time, common microwave and optical procedures used for the high-
speed characterisation of vertical-cavity, surface-emitting lasers (VCSELs). The intrinsic small-signal modulation
characteristics of a VCSEL are measured, and the related rate equation parameters are extracted. Observed trends
show excellent agreement with theory. The modulation characteristics of the VCSEL are determined by examining
three different responses: relative intensity noise, S21 response, and high-resolution optical spectra. The various
experimental techniques yielded consistent results. The relative strengths and weaknesses of each measurement are
investigated below.
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2I. INTRODUCTION
Vertical-Cavity, Surface-Emitting Lasers (VCSELs) have grown greatly in popularity and capability. Unlike
conventional edge-emitting devices, VCSELs are designed with a very short resonant cavity, which suppourts a
single longitudinal mode; light is emitted perpendicularly to the plane of crystal growth, allowing the construction
of two-dimensional transmitter arrays for high bandwidth-density applications [1]–[6]. VCSELs have low threshold
currents, high efficiencies, and can be tested on the wafer - minimising manufacturing costs [7].
VCSELs are heavily employed in high-bandwidth communications applications, and are particularly attractive
candidates for use in optical interconnects. The maximum rate of direct modulation is limited by the interplay
between photons and electrons, whose response can be characterised by a relaxation frequency, fr, and damping
frequency, Γd.
A general rule of thumb is that a directly modulated laser can suppourt a bit rate of up to 1.2 times its relaxation
resonant frequency [8], however, the parasitics of device packaging and bonding can severely inhibit high frequency
VCSEL performance [9], [10]. VCSEL chip bonding introduces capacitance from the pads and resistance from the
leads; it is typically modelled as a first order RC circuit [11], [12]. The parasitics associated with packaged devices
are more severe and tend to be represented by more complex circuit models [13], [14], but they still act as low
pass filters. Any attempt to measure the intrinsic response of a VCSEL will have to account for the parasitic effects
of the packaging and bonding, and also the associated frequency response of measurement equipment and driving
circuitry. This can be achieved through accurate circuit modelling of the parasitics, intelligent signal processing to
remove the effects numerically, or the observation of phenomena related to the intrinsic device properties, which
will be immune to the parasitic effects.
In the work that follows, the high speed characteristics of a VCSEL are examined and related intrinsic parameters
are extracted. Three different experimental techniques are employed to measure these quantities, and to compare
the consistency of results between measurements, immunity to parasitics, ease of measurement, and miscellaneous
factors, such as the availability of equipment and speed of measurement.
The nature of a VCSEL’s small signal modulation response is investigated in section II; experimental processes
are detailed in section III. The results for each approach are presented and compared in section IV, and a discussion
relating to the difficulties and capabilities of each measurement technique follows in section V. Finally, conclusions
are presented in section VI.
II. SMALL SIGNAL MODULATION RESPONSE
The intrinsic transient behaviour of VCSELs can be described by the rate equations, Eqs. (1)-(3) [15].
dS(t)
dt
= Γg
N(t)−N0
1 + ǫS(t)
S(t)− S(t)
τp
+
ΓβN(t)
τn
(1)
dN(t)
dt
=
I(t)
qVa
− gN(t)−N0
1 + ǫS(t)
S(t)− N(t)
τn
(2)
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dt
=
αΓg
2
(N(t)−Nth) (3)
where,
N(t) is the carrier density,
S(t) is the photon density,
φ(t) is the optical phase,
I(t) is the drive current,
q is the electron charge,
Va is the volume of the active region,
τn is the electron lifetime,
g is the gain slope constant,
α is the linewidth enhancement factor,
N0 is the carrier density at transparency,
Nth is the carrier density at threshold,
ǫ is the nonlinear gain coefficient,
Γ is the optical confinement factor,
τp is the photon lifetime,
h is Planck’s constant,
and β is the percentage of spontaneous emission that contributes to the lasing mode.
Photon density is analogous to optical power, P (t), Eq. (4);
P (t) =
Vaηhν
2Γτp
S(t) (4)
The phenomena described by these equations produce a second order frequency response [8], [9], [15]:
P (f)
P0
=
f2r
f2r − f2 + jΓd f2pi
(5)
Γd =
1
2τn
+Kf2r (6)
K = 2π2(τp + τc) (7)
fr = D
√
P =
√
2Γgλ
Vahc
P (8)
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4where, ν is the lasing frequency; η is the quantum efficiency of the laser; τp is the photon lifetime; τn is the carrier
lifetime; fr is the relaxation resonant frequency; Γd is the damping frequency; P0 is the optical power emitted with
a 0 Hz driving signal; c and λ are respectively the speed and wavelength of the emitted light in free space. τc, D,
and K are lumped parameters describing the relationship between the relaxation resonant and damping frequencies
with optical power, P . These relationships indicate that a laser’s high frequency response improves at high drive
currents, and that the resonant peak will flatten with increasing drive current.
III. EXPERIMENTAL PROCEDURES
The high-speed characterisation of VCSELs requires great care in the experimental design stages, the precise
implementation of, often complicated, procedures, and very accurate, well calibrated high speed instrumentation.
As a result, frequency related measurements are very difficult to perform and often inconsistent [16]. A number of
techniques exist to measure the intrinsic, high-frequency VCSEL characteristics and extract the related parameters.
These include
1) the measurement of the Relative Intensity Noise (RIN) [17],
2) fitting the S21 response to Eq. (5), and eliminating the response of other network elements [15],
3) examination of the optical spectrum at extremely high resolution to identify RF spectral artifacts [18]–[21],
and
4) the observation of intermodulation and harmonic distortion effects [22], [23].
The first three of these techniques are performed on an Avalon 850SM LA VCSEL which emits strongly in the
fundamental mode.
A. Relative Intensity Noise
Even with a noise free current source, variations will be present in a VCSEL’s steady-state output, caused by
spontaneous emission; these stochastic variations are referred to as Relative Intensity Noise (RIN) [24]. The quantity
of noise can be calculated by considering the relative amounts of DC (laser power) optical power to AC (noise
power) [25]:
RIN =
〈δP 2〉
〈P 〉2 (9)
In addition to determining the noise performance of a laser, the RIN measurement can also be used to examine
its high frequency properties - a peak in noise power is present at the relaxation resonant frequency [26]. This
phenomena relates to the intrinsic VCSEL properties, and is unaffected by the packaging and bonding parasitics.
Both the average noise power, and severity of the resonant noise peak decrease with increasing drive current. The
RIN can be fitted to Eq. (10) to extract the resonant and damping frequencies [27], [28].
RIN =
A+B(2πf)2
16π4 (f2 − f2r )2 + (2πf)2Γ2d
(10)
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5Figure 2 shows the experimental setup employed to measure the relative intensity noise. The VCSEL is driven
by a stable, constant current (Newport 8000 modular controller), and the light is coupled into a Newport D-100-FC
high-speed photodetector. The average optical power can be measured directly, and the RF component is transmitted
through a DC block and two low-noise amplifiers (Miteq JS2-00100800-17-0A and AFS3-00100800-32-L-N). The
noise characteristic is recorded by a microwave spectrum analyser (Hewlett Packard 8565E); the response of the
detector, amplifiers, and the spectrum analyser’s noise floor are numerically removed from these data to obtain the
noise component of the VCSEL’s output.
B. VNA Measurement
The small signal frequency response (S21) of the VCSEL (and associated circuitry) was measured with the Rhode
and Schwartz ZVCE vector network analyser (VNA). A constant drive current was supplied to the VCSEL and a
low power modulating signal was generated by the VNA. The VCSEL’s RF output was measured by a high speed
photodetector and compared to the original modulating source. The relationship between the two can be fitted
to Eq. (5) to determine the relaxation resonant frequency and damping frequency of the VCSEL. The ideal S21
transmission curves are shown for a theoretical laser in Fig. 3.
A bias tee is used to combine the RF and DC current sources; a 50 Ω microstrip provides matched, low loss
signal transmission; temperature is controlled by a peltier, which is thermally isolated from all other components.
While the values extracted from the RIN measurement and high resolution optical spectrum relate to the intrinsic
VCSEL response, the S21 measurements implicitly contain package and bonding responses. These parasitics can
be removed numerically, using the subtraction method suggested by [29]. The S21 of the VCSEL (and associated
parasitics) at a reference drive current is subtracted from the response at other currents. It is assumed that the passive,
parasitic elements are independent of current and the VCSEL response can be isolated. The resultant magnitude
response should be of the form:
Mag(f) =
f4rI(
f2 − f2rI
)
+ (ΓdI/2π)
2
f2
×
(
f2 − f2r0
)
+ (Γd0/2π)
2
f2
f4r0
(11)
where, f
r0
and Γ
d0
refer to the reference current and f
rI
and Γ
dI
refer to the response at current I .
Previous characterisation of the transmission line and bias tee indicate they are independent of current, and the
detector exhibits no efficiency variations over the range of measurement. Under the reasonable assumption that
package parasitics are also current independent, this technique greatly simplifies the circuit modelling requirements.
Additionally, the calibration requirements are relaxed; instead of deconstructing and resoldering the laser jig between
calibration and measurement, calibration can be performed before the bias tee and after the detector. A final
experimental setup is shown below, Fig. 4.
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6C. High Resolution Optical Spectra
The phase noise of a laser is not spectrally flat, but instead has a resonance at the relaxation oscillation
frequency [30], [31], similar to the peak observed in the RIN spectrum. This resonance manifests itself as a
pair of spectral side bands, adjacent to each lasing mode in the optical spectrum. Like the RIN measurement, the
spacing of these sidebands is unaffected by package parasitics, and can be used to determine the intrinsic relaxation
resonant frequency of a laser. However, the relaxation resonant frequency is so small in comparison to the optical
lasing frequency that these side peaks are not resolvable by conventional optical spectrum analysers - a 5 GHz
spacing at 850 nm is approximately 0.01 nm.
An extremely high finesse optical cavity (Newport SR-240-CF Supercavity) was employed to identify these side
bands. The supercavity is made up of two identical spherical lenses, which are controlled by piezo actuators. These
mirrors form a non-confocal cavity - the spacing between the mirrors is greater than their radii of curvature - and
the length of the cavity is varied periodically, changing the suppourted cavity resonant frequencies. In this way a
high finesse (> 10, 000) and high resolution (< 0.5 GHz) tunable, bandpass filter is implemented.
The experimental setup is shown in Fig. 5. Light which passes through the resonator is measured by a silicon
photodetector. This weak signal is amplified by a low noise voltage amplifier, and observed on an oscilloscope. The
piezo actuators are driven by a 30 Hz sawtooth wave. The output signal’s variation with time can be converted to a
relative frequency measurement, and from these data, the VCSEL’s relaxation resonant frequency can be identified.
IV. RESULTS
A. Relative Intensity Noise
The RIN profiles and fitted curves are shown for drive currents of 3.1 mA and 4.3 mA respectively, Figs. 6
and 7. The resonant peak can be observed in both figures, but an additional periodicity at higher drive currents
indicates the formation of an external cavity. The frequency separation of these peaks confirm the cavity exists
between points A and B (as marked in Fig. 2). The cavity can be disrupted by inserting a tilted neutral density
filter in the path of the beam. Unfortunately, while a 10 dB optical attenuator removes the cavity effect, it also
exacts a significant toll on the quality of the noise signal - the attenuated noise becomes almost unresolvable from
the noise floor of the spectrum analyser.
An optical power meter was inserted into the experimental setup at point C to measure the level of optical
feedback. A 3 dB beam splitter is used, so the measured reflections should be equal to the power coupled back
into the VCSEL. The reflected signal was approximately −15 dB relative to the emitted laser power. While this
level of feedback would significantly alter the performance of an edge emitting laser, VCSELs have shown much
greater immunity to optical feedback as a result of their highly reflective mirrors. Bae et al. report VCSELs can
be exposed to feedback levels as high as −13 dB without experiencing significant changes in operation [32]. In
this case, the external cavity obscures the features of the noise signal and complicates extraction procedures, but
shouldn’t affect the parameters being measured.
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7In accordance with the theory, the resonant peak is sharpest at currents close to threshold, and the RIN decreases
as optical power increases. Both the relaxation resonant frequency and damping frequencies were extracted at each
current. Figures 13 and 14 show the progression of the relaxation resonant frequency and damping frequency with
current; the results very closely resemble the expected proportionality between fr and
√
I − Ith. From the extracted
parameters and Eq. (6), the carrier lifetime, τn, was found to be approximately 62.5 ps, and K was 0.3 ns.
B. VNA Measurement
The S21 response at 3.4 mA was chosen as the reference signal, and a multi-variable global parameter extraction
was performed on the subtracted responses to obtain the relaxation resonant and damping frequencies of the VCSEL.
An unfortunate side effect of the subtraction method relates to the resonances induced by the external cavity; the
resonant peaks of this external cavity become slightly misaligned with each other as drive current is increased. While
this doesn’t affect VCSEL performance, it does amplify the effect of these resonances on parameter extraction - even
small oscillations become problematic. A tilted optical attenuator can be used (in this case) to reduce reflections
without sacrificing the sensitivity of the vector network analyser, however, additional resonances can still be observed
in the subtracted S21 plots. As before, these reflections are of sufficient strength to complicate parameter extraction,
but not strong enough to significantly alter VCSEL operation.
Figures 8 and 9 show the raw S21 response of the VCSEL at 2.8 mA and the resultant response after the reference
characteristic has been subtracted. The extracted relaxation resonant and damping frequencies are compared to the
results from the other measurements in Fig. 13 and 14; τn was calculated as 68.1 ps and K = 0.34 ns.
C. High Resolution Optical Spectra
The supercavity suppourts both longitudinal modes, with a spacing of 7853 GHz, and transverse modes, with a
separation of 28.66 GHz. Each transverse VCSEL mode can couple with every supercavity mode, creating extremely
complicated spectral structures. Furthermore, the slight frequency non-degeneracy between same order transverse
modes, and the birefringence-induced frequency splitting between modes of different polarisations, may also be
resolvable. The VCSEL transverse modes can be identified as a family of peaks as each mode couples with the
fundamental, and transverse modes of the supercavity.
Before the relaxation resonant frequency can be measured, three obstacles must be overcome:
1) the features must be identified;
2) the time scale must be converted to frequency; and
3) the system must be calibrated.
The spectra of the VCSEL (operating in its single mode regime) is shown in Fig. 10. The majority of these features
can be clearly identified. The strongest peak is the fundamental Gaussian mode coupled with the fundamental cavity
mode; on both sides of this mode, equally spaced sidebands, corresponding to the relaxation resonant frequency, can
be observed. The second largest feature is the fundamental VCSEL mode coupled with a transverse cavity mode;
a resonant sideband can also be identified, accompanying this mode. The final feature is not so readily identifiable
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8- the spacing is too small for it to be another transverse cavity mode, and far too small to be a transverse VCSEL
mode. The most likely explanation is that it represents the fundamental mode, lasing in another polarisation.
The resonant, longitudinal modes of a cavity are determined by the familiar relationship [33]:
L =
mc
2nfm
(12)
where, L is the length of the cavity, n is the refractive index, and m is an integer representing the mode number.
If a variable length cavity with mirrors moving at speed u is considered,
fm(t) =
mc
2n(L+ ut)
(13)
The mirrors of the supercavity move at a constant rate, meaning the relative frequency of features will not be
proportional with time, and the scales can not be simply converted to frequency. The known frequency spacing
between transverse cavity modes (28.66 GHz) can be used to calibrate the results. Figure 11 shows the unequal
spacing between consecutive supercavity transverse modes. From this plot, the relationship between time and
frequency can be determined, Fig. 12; all values are relative to the fundamental mode.
Unfortunately, the calibration performed at one current is not strictly valid for other drive currents. As the current
increases, the lasing wavelength drifts and the supercavity sweep parameters have to be changed to ensure the entire
spectrum is viewable. However, the frequency-time relationship is well behaved, and over small frequency ranges,
a linear conversion seems reasonable. The high resolution, optical spectra for a range of currents were recorded,
and are shown in Fig. 13; the data were calibrated with respect to the first transverse cavity mode.
Over the current range shown, the side bands corresponding to the VCSEL’s relaxation resonant frequency could
be clearly identified. At lower drive currents, the emitted beam couldn’t be coupled strongly enough into the cavity
to resolve the bands; at higher currents, the side bands are too heavily damped to identify. Typically, the relaxation
resonant frequency is considered to be linear with
√
I − Ith, but this relationship is only accurate at low photon
densities or when heating effects are negligible [16]. The measurement range covered in these experiments extends
into the region of VCSEL operation where the fundamental mode has started to decay. In this case, the relaxation
resonant frequency should be considered with respect to the square root of optical power.
D. Comparison of Results
The relaxation resonant frequency is plotted against the square root of optical power of the fundamental mode,
Fig. 13. The relaxation resonant frequency increases linearly with
√
P in excellent agreement with the expected
trend [27]:
fr = D
√
P (14)
The parameter D was calculated as 6.93, 7.25, and 5.67 GHz/
√
mW for the RIN, VNA, and supercavity
measurements respectively. While the RIN and VNA measurements show outstanding correlation, the relaxation
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9resonant frequencies measured by the supercavity are consistently slightly lower. The most likely explanation for
this discrepancy is calibration.
The damping frequencies, Γd, can also be extracted from the RIN and VNA measurements, Fig. 14, and they
show the same excellent agreement.
V. DISCUSSION
Experiments have been performed to measure the relaxation resonant and damping frequencies using three
different techniques: identification of the RIN peak, extraction from the S21 profile (as measured by the vector
network analyser), and observation of the resonant side bands in the optical spectrum. Results for all three techniques
were consistent and in line with theory and previously noted experimental trends. A summary of the characteristics
and capabilities of each procedure is given in Tab. I, and further discussion follows below.
While all three methods were employed to extract the same parameters, there is a stark difference in application
and measurement philosophy between the three techniques.
The RIN measurement was powerful - both fr and Γd could be extracted - and simple - the noise could be
measured using the same laser driver and thermal control as DC measurements, and only a high-speed photodetector,
low-noise amplifiers, and an RF spectrum analyser were required. Furthermore, the RIN characteristic is isolated
from package and bonding parasitics; the noise measurement represents the intrinsic properties of the laser under
test.
Despite the mild appearance of Eq. (10), fitting and parameter extraction proved very difficult in practice. The
thermal noise of the amplifiers and photodetector, as well as the detector’s shot noise, conspire to raise the noise
floor of the RFSA, decreasing the dynamic range of the RIN measurement. The relaxation resonant frequency can
still be extracted easily, but the accuracy of the extracted damping frequency depends strongly on the initial estimate.
The extraction of frequency related parameters from the RIN becomes more difficult as drive current increases. The
high-speed response of the photodetector limits the RIN measurements as current and relaxation resonant frequency
increase, but more importantly higher order modes complicate the noise characteristic. Multiple peaks in the RIN
signal have been observed when the contribution of higher order modes becomes significant; the secondary peaks
have been variously explained as the relaxation resonant frequencies of the transverse modes [34], [35] or as the
mode partition noise [28]. Regardless of the cause, the added complexity greatly complicates an already difficult
parameter extraction procedure.
The measurement and analysis of a laser’s S21 share the difficulties and characteristics of electrical network
analyser measurements: results depend heavily on the quality of calibration. As demonstrated by the subtraction
technique, the burdens of calibration can be reduced through superior signal processing; conversely, thorough
calibration and circuit design procedures make parameter extraction easier. However, neither experiment nor analysis
can be performed rigorously enough to completely eliminate reliance on the other. If both aspects are addressed,
the network analyser can be used to accurately determine the relaxation resonant and damping frequencies, as well
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as the reflection characteristics of the device and packaging. However, like the RIN measurement, the presence of
higher-order lasing modes increases the difficulty of performing accurate parameter extractions.
Alone amongst the experiments conducted, the S21 measurement requires high-speed operation of the VCSEL,
which necessitates the design of suitable driving circuitry and careful consideration of calibration points. Once the
initial design issues have been overcome, the S21 is an extremely simple measurement to make. This technique
benefits greatly from the legacy of microwave measurements and accumulated knowledge, and unlike high-finesse
optical cavities, network analysers are ubiquitous in laboratory environments.
Despite the power and availability of network analysers, the S21 is an inherently non-ideal measurement for
this particular application (extraction of intrinsic laser parameters). The VCSEL’s transfer function is complicated
by package and bonding parasitics, which are non-trivial to remove. The use of a probing station on VCSEL
chips reduces the problems caused by parasitics, but doesn’t eliminate them completely. If possible, it is far more
appealing to measure the intrinsic parameters directly. The network analyser measurements seem more suitable for
use in higher level analysis, such as integrated transmitter characterisation, in which the parasitic response is as
important as the VCSEL characteristics.
Analysis of the optical spectrum is neither as popular nor powerful as the previous two measurement techniques.
The side bands are spaced too closely to resolve with conventional instruments, and only the relaxation resonant
frequency can be determined from these bands. The relative strength of the peaks decreases with drive current,
suggesting the damping frequency could also be calculated. However, their magnitude is affected by the gain
spectrum of the VCSEL, and their existence is not yet understood well enough to accurately model their behaviour.
In measuring the relaxation resonant frequency alone, spectral analysis is a very attractive procedure. The phase
noise is isolated from package parasitics; the bulk of the experimental setup is shared with DC characterisation
procedures; optical power is measured at DC, so the operational range is not limited by the speed of the pho-
todetector; and the relaxation resonant frequency can be determined almost immediately from the initial data -
time consuming parameter extractions are avoided. Unfortunately, the supercavity employed is neither user friendly,
flexible, nor robust; calibration is a problem area; and the optical sidebands are weak and difficult to identify. The
implementation of a heterodyning spectrum analyser, instead of a supercavtiy, could reduce these problems, but
will not eliminate them.
For all its difficulties, this technique seems very promising - it addresses the shortcomings of other measurements.
In amplitude based measurements, such as the RIN and S21, the contributions of transverse modes are superimposed
and unresolvable; in spectral measurements, the modes remain spectrally separated and can easily be distinguished
from each other. The lasing of higher order modes will not hinder the measurement of the fundamental mode’s
relaxation resonant frequency. In fact, if sufficient power could be coupled from the transverse modes, the relaxation
resonant frequency of each mode could be measured simultaneously.
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VI. CONCLUSIONS
The S21 measurement is, in essence, electrical, and it inherits the familiar difficulties and requirements: well
matched driving circuitry, low attenuation at all frequencies, and rigorous calibration conducted as close to the device
as possible. By contrast, the supercavity provides an optical measurement; success relies heavily on alignment, mode
matching, coupling power, and the quality of optical components. The RIN measurement falls somewhere in between
- it measures a fundamental optical characteristic (spontaneous emission), but in the electrical domain. Through
this fortunate combination, it is burdened little by either electrical or optical concerns.
In the final analysis, the supercavity measurement seems the most promising and underdeveloped; the VNA
measurement, the most convenient and familiar; and the RIN measurement, the most robust. The three techniques
provide consistent results, but possess clear advantages for various situations.
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Fig. 1: Theoretical RIN, according to Eq. (10), for increasing power. The resonant and damping frequencies are
{3.53, 11.2}, {5, 20.5}, and {6.12, 26.75} GHz for VCSEL powers of 0. 5mW, 1 mW, and 1.5 mW respectively.
Fig. 2: Experimental setup used to measure the relative intensity noise.
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Fig. 3: Theoretical S21 for increasing power. The resonant and damping frequencies are {3.53, 11.2}, {5, 20.5},
and {6.12, 26.75} GHz for VCSEL powers of 0. 5mW, 1 mW, and 1.5 mW respectively.
Fig. 4: Experimental setup used to measure VCSEL frequency response.
Fig. 5: Experimental setup used to obtain high-resolution, optical VCSEL spectra.
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Fig. 6: Relative Intensity Noise for the VCSEL at a 3.1mA drive current. A resonant peak can be observed at
3.2GHz.
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Fig. 7: Relative Intensity Noise for the VCSEL at a 4.3mA drive current. A resonant peak can be observed at
5.3GHz.
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Fig. 8: S21 response at 2.8 mA drive current.
1 2 3 4 5 6
0.0
0.5
1.0
1.5
2.0
2.5
3.0
s2
1/
s2
1 0
 (a
.u
.)
Frequency (GHz)
Fig. 9: Subtracted S21 response of the VCSEL at 2.8 mA drive current.
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Fig. 10: Spectral structure of the VCSEL at 6 mA after it has been passed through the supercavity
0.000 0.001 0.002
0
2
4
6
8
10
Fundamental Cavity Mode
Cavity Transverse Modes
M
ag
ni
tu
de
 (V
)
Time (s)
Fig. 11: Long time scale, spectral structure of the VCSEL at 5.5 mA after it has been passed through the supercavity
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Fig. 12: Relationship between relative frequency and time, used to calibrate the supercavity
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Fig. 13: Measured relaxation resonant frequencies of the VCSEL.
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Fig. 14: Measured damping frequencies of the VCSEL.
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TABLE I: Comparison of measurement techniques.
VNA RIN Optical Spectra
Immunity to parasitics Poor Excellent Excellent
Immunity to Low Low High
optical feedback
Ease of measurement Average Very Easy Difficult
Parameter extraction Difficult Difficult Very Easy
Availability of instruments Very High Very High Low
Damping Frequency? Yes Yes Qualitative
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